Calcium plays an essential role in a variety of stress responses of eukaryotic cells; however, its function in prokaryotes is obscure. Bacterial ion channels that transport Ca 2+ are barely known. We investigated temperature-induced changes in intracellular concentration of Ca 2+ , Na + and K + in the cyanobacterium Synechocystis sp. strain PCC 6803 and its mutant that is defective in mechanosensitive ion channel MscL. Concentration of cations rapidly and transiently increased in wild-type cells in response to cold and heat treatments. These changes in ionic concentrations correlated with the changes in cytoplasmic volume that transiently decreased in response to temperature treatments. However, no increase in ionic concentrations was observed in the MscL-mutant cells. It implies that MscL functions as a non-specific ion channel, and it participates in regulation of cell volume under temperature-stress conditions.
INTRODUCTION
Calcium plays numerous and always important roles in signal transduction and regulation of metabolism in eukaryotic cells (Trewavas and Malho 1998) . Its importance in regulation of cellular processes in prokaryotes was also observed but less documented. Little is known about prokaryotic intracellular depots of Ca 2+ and about ion channels that ensure its influx and efflux (Domínguez, Guragain and Patrauchan 2015) . Cyanobacteria are photosynthetic prokaryotes that combine the features of plant chloroplasts and bacterial cells. These cells serve as a powerful model system for studying photosynthesis and stress responses, including signal perception and transduction (Los et al. 2010) . The involvement of Ca 2+ in regulation of temperature responses in cyanobacteria has been previously suggested (Murata and Los 1997) : Ca 2+ might participate in transduction of temperature signals generated by cold-induced changes in membrane fluidity that, in turn, alter the activity of ion channels in cytoplasmic membrane. The specific cyanobacterial Ca 2+ -transporting systems are poorly known, except Ca 2+ /H + exchanger (Slr1336) of the unicellular Synechocystis sp. PCC 6803 (hereafter, Synechocystis) (Waditee et al. 2004 ) and the calcium-binding protein, CcbP, of the filamentous heterocyst-forming Anabaena sp. PCC 7120 (Hu et al. 2011) . The participation of other ions, e.g. Na + or K + , in temperature responses was not studied. However, the changes in ion status of cyanobacteria are well studied under salt or hyperosmotic stress. In contrast to toxic Na + and Cl − , K + may be accumulated up to 150 mM in Synechocystis cells under salt stress (Pade and Hagemann 2015) . K + is the main inorganic cation that contributes to turgor generation. Synechocystis possesses two types of K + transporter systems, Ktr and Kdp (Nanatani et al. 2015) , as well as the characterized K + channels, SynK (Slr0498) (Checchetto et al. 2012) and SynCaK (Sll0993) (Checchetto et al. 2013) . The Ktr system is essential for the acclimation of the Synechocystis cell to osmotic stress caused either by ionic NaCl or by nonionic sorbitol. Kdp is involved in the extracellular K + sensing (Nanatani et al. 2015) .
In sll0273, sll0556, sll0689, slr0415, slr1595 and slr1727) . These antiporters together with AqpZ play an important role in the tolerance of the photosynthetic machinery of cyanobacteria to salt stress. NaClinduced inactivation of the oxygen-evolving activity of PSII was significantly suppressed by the blockers of Na + or water channels (Allakhverdiev et al. 2000) . As pointed above, little is known about ion homeostasis in cyanobacteria under temperature stress. Previously, we demonstrated that, in freshwater Synechocystis, the mechanosensitive ion channel of large conductance, MscL (Slr0875), participates in non-specific temperature-dependent Ca 2+ transport (Nazarenko et al. 2003) . MscL is generally known as a sensor of the cytoplasmic membrane tension and a regulator of a cell volume (size) under hypoosmotic stress (Morris 2002; Booth et al. 2015) . Mechanosensitive ion channels participate in regulation of plant chloroplast and bacterial cell division (Wilson and Haswell 2012) . The activity of the membrane integrated MscL depends on the surrounding membrane lipids (Laganowsky et al. 2014) , which, in turn, display temperature-dependent behavior (Horváth et al. 2012) .
In this report, we estimated the changes in intracellular concentration of Ca 2+ , K + and Na + in cells of wild-type and MscLdeficient mutant of Synechocystis in response to cold and heat stress. Our results demonstrate that the MscL is responsible for the flows of cations through the cytoplasmic membrane during temperature stress. These ion flows might be associated with the stress-induced changes in the cytoplasmic volume, which may trigger the acclimation responses.
MATERIALS AND METHODS

Cyanobacterial strains
The wild-type glucose-tolerant strain of Synechocystis sp. PCC 6803 was used in the experiments. The MscL-deficient mutant of Synechocystis was produced as described before (Nazarenko et al. 2003) by the insertion of a kanamycin-resistant gene into the unique Bgl II site of the slr0875 (mscL) of Synechocystis (Fig. 1a) . Complete segregation of the recombinant chromosomes in the mutant strain was confirmed by PCR with the above listed primers (Fig. 1b) . The mutant strain was constructed as described before (Nazarenko et al. 2003) .
Conditions for culturing and temperature treatments
Cells were grown at 32
• C under continuous illumination by incandescent lamps at 70 μE m −2 s −1 and aeration with air containing 1.5% CO 2 , in BG11 medium buffered with 20 mM HEPES-NaOH pH 7.5 (Nazarenko et al. 2003) . For temperature treatments, glass vessels with cells at their exponential growth phase were transferred into the pre-cooled at 20
• C (cold shock) or pre-heated at 44
• C (heat shock) water baths for 60 min. Continuous illumination and aeration were provided as described above. Growth rate of cells was estimated as changes in optical density of cell suspension at 750 nm (OD 750 ).
Measurements of intracellular ion concentrations
A total of 10-ml aliquots of cell cultures were withdrawn, and cells were harvested by centrifugation at 3000 g at 30
were washed in 20 ml of MilliQ-grade water, pelleted by centrifugation as mentioned above and resuspended in 5 ml of water. Cells were broken by incubation in a boiling water bath for 15 min. The K + , Na + and Ca 2+ contents in cells were determined by atomic absorption spectrophotometry with a Hitachi spectrophotometer (Model 207, Hitachi, Tokyo, Japan) at 4227Å for Ca 2+ , at 7665Å for K + , and at 5830 and 3302Å for Na + . All experiments were repeated four times.
Measurement of cytoplasmic volume
Measurement was done by electron paramagnetic resonance (EPR) method with 2,2,6,6-tetramethyl-4-oxopiperidinooxy free radical (TEMPO; a spin probe) probe as described earlier (Shapiguzov et al. 2005) . The experiments were repeated three times. 
Other measurements
Growth of wild-type and MscL-mutant cells was monitored by means of optical density of cell suspensions at 750 nm. The number of cells and dividing cells was estimated with Goryaev camera using a light microscope (Jenaval, Carl Zeiss, Jena, Germany). Cell size was determined with the same microscope and an ocular equipped with a micrometer.
RESULTS
Temperature-induced changes in cell size
In general, cells of the MscL-mutant (3.25 ± 0.25 μm) were larger in diameter than wild-type cells (2.75 ± 0.25 μm) (Fig. 1) . Temperature-induced changes in cell size (Fig. 2a) (Fig. 2a) . The size of the MscL-mutant cells decreased by 40% within 15 min of temperature stress. Heat-treated cells did not show any sign of recovery in size. Slight recovery was observed in coldtreated cells after 60 min of incubation at 20
• C (Fig. 2a) .
Temperature-induced changes in number of dividing cells
Cells cultures contained single and dividing cells. It is supposed that the number of single and dividing cells in these cultures should be constant at the lag phase. In asynchronously grown culture of wild-type cells, about 25% of cells represented the population of dividing cells (Fig. 2b) . Temperature stress caused a slight decrease of population of such cells within 60 min. The population of MscL-deficient dividing cells was higher than that in wild-type culture reaching about 40%. Temperature treatments resulted in severe decrease in number of di- viding cells-30% under heat and 20% under cold stress within 60 min, with no apparent recovery (Fig. 2b) . These results suggest that the mutation in MscL alters the sensitivity of cyanobacterial cells to temperature stress.
Temperature-dependent changes in cytoplasmic volume
Rapid changes in the cytoplasmic volume of cyanobacterial cells (Kanesaki et al. 2002; Shapiguzov et al. 2005 ) and plant chloroplasts (Veley et al. 2012 ) have been observed under salt, hyperosmotic or hypoosmotic stress treatments. Here we addressed a question, whether the temperature-induced changes in cell size (Fig. 2a) are associated with changes in cytoplasmic volume of cells? Relative changes in the cytoplasmic volume of Synechocystis cells under cold and heat stress were estimated by EPR with TEMPO as a spin probe (Blumwald, Mehlhorn and Packer 1983; Shapiguzov et al. 2005) . Wild-type cells lost about 35%, while the MscL-deficient mutant 20%, of their cytoplasmic volume within 10 min of cold stress (Fig. 3a) . These relative values are comparable with those caused by salt stress (Allakhverdiev et al. 2000) . A decrease in cytoplasmic volume under cold stress was rapid and transient: both types of cells returned to the original (unstressed) parameters already in 60 min.
Heat stress had less effect on the cytoplasmic volume. Wildtype and mutant cells lost 20 and 10% of their cytoplasmic volumes, respectively (Fig. 3b) . Similar to cold stress, heat stress had the maximum effect within 10-20 min, and then cells returned back to original parameters in the next 20 min. Both type of cells had similar dynamics of changes in cytoplasmic volume. However, the effect of temperature was more pronounced in wildtype cells than in the MscL-deficient mutant. in wild-type cells (Fig. 4) . However, the magnitude of change was much higher for both ions than for Ca 2+ . Cold and heat treatments caused 2-fold increase in intracellular concentration of these ions in 15-30 min followed by a transient decrease. In heattreated cells, the transient nature of measured K + influx was more pronounced than in cold-treated cells. In the MscL-mutant cells, however, no significant changes in [K + ] were detected under temperature-stress conditions (Fig. 4b) , suggesting that the mutation in MscL blocked the temperature-induced flow of K + ions. In wild-type cells, [Na + ] doubled in 15 min and declined to the original level in 60 min. In heat-treated cells, it returned to the original level (about 6 μM), and in cold-treated cells it appeared at 10 μM (Fig. 4c) . By contrast, MscL-mutant cells displayed a transient decrease in [Na + ] under temperature stresses (Fig. 4c) , suggesting the effect of mutation on Na + fluxes.
MscL deficiency abolishes temperature-induced transient influx of cations
Growth of cells under temperature stress
The growth of wild-type and MscL-deficient cells was examined at optimal (32 • C), low (28 • C and 20
• C) and high (44 • C) temperatures. Cells of both types could grow with the same rate at 32 and 28 • C. However, wild-type cells could acclimate to stressful temperatures of 20 or 44
• C, while the MscL-deficient cells could not (Fig. 5 ). This suggests that the early events controlled by MscL (changes in cell volume and ionic fluxes) might have long-term consequences resulted in impaired acclimation of the mutant cells.
DISCUSSION
We have found that intracellular concentrations of Ca 2+ Synechocystis cells are at submicromolar range. These values are similar to that found in animal or plant cells (Trewavas and Malho 1998) . The level of intracellular Ca 2+ increased under tem- perature stress, and this increase was small, rapid and transient (Fig. 4a) . These results are in agreement with reports on temperature-stressed filamentous cyanobacterium Anabaena (Torrecilla et al. 2000 (Torrecilla et al. , 2004 , which demonstrated, with aequorinbased measurement system, a rapid and transient temperatureinduced 1.5-2-fold increase (from 1-2 to 2-4 μM) in intracellular [Ca 2+ ].
It is known that, among all extreme conditions, temperature has the greatest effect on the ion permeability of bacterial cell membranes, in particular, for Na + ions (van de Vossenberg et al. 1995) . The disruption of the mscL gene dramatically altered the dynamics and amplitude of temperature-induced changes in K + and Na + concentrations in Synechocystis. Earlier experiments showed that the inhibitor of mechanosensitive channels, amyloride, decreased both Na + and K + uptake in the cyanobacterial species Cylindrospermopsis raciborskii subjected to changes in pH or NaCl concentration (Pomati, Burns and Neilan 2004) . Taken together, these observations indicate that MscL is a nonspecific ion channel that controls stress-induced ion fluxes through cyanobacterial cytoplasmic membrane. Some mechanosensitive ion channels are reported to be nonspecific transporters of ions; however, triggering mechanisms of their activation are not completely understood. A model that describes the activation of MscL of prokaryotes is based on crystallographic data, and it suggests that a pore of MscL opens when membrane tension exceeds a certain threshold (Booth et al. 2015) . This model, however, explains only hypoosmoticstress-induced stretch-activated nature of the MscL. Our results suggest that the MscL of Synechocystis may operate also in a temperature-dependent manner. It is evident that the function of MscL is important for non-specific cation fluxes under both cold and heat stresses. It is possible that the membranelocated MscL senses temperature-induced alterations in physical state of the membranes (changes in charge of polar lipids, or changes in membrane fluidity), and it may be activated by such alterations. This suggestion is supported by reports on the behavior of MscL studied in local lipid environment (Laganowsky et al. 2014) , or with amphipathic chemicals that alter the overall charge of the membrane surface proportionally to their lipid solubility (Martinac, Adler and Kung 1990) .
Temperature-dependent changes in ion concentration in Synechocystis are associated with changes in cytoplasmic volume, which decreased rapidly and transiently under heat and cold stress. The MscL-mutant cells could not change their cytoplasmic volume to the same extent as wild-type cells. Similar phenomenon was observed in cells defective in the aquaporin AqpZ in response to hyperosmotic osmotic stress (Shapiguzov et al. 2005) . Nanatani et al. (2013) demonstrated that the MscL-deficient cells swelled more rapidly than wild-type cells under hypoosmotic stress conditions. However, the conditions of osmotic down shock were rather artificial for the freshwater Synechocystis (cells have been incubated in a sorbitol solution for 2 h only and then they transferred back to culture medium). It is now evident that MscL (together with AqpZ) is involved in regulation of cell volume (size) under stress conditions. It is possible that MscL functions as a water channel under temperature stress. However, the studies of a double (MscL-and AqpZ-deficient) mutant are necessary to confirm this suggestion.
Finally, wild-type cells could acclimate to 20 or 44 • C, while the MscL-deficient cells could not (Fig. 5) . Inability of the mutant to proper regulate the temperature-dependent changes in cell volume and ion flows and to acclimate to temperature stress implies the involvement of MscL in regulation of these processes. Our results demonstrate that the MscL is responsible for the flows of cations through the cytoplasmic membrane during temperature stress and suggest that the stress-induced changes in the cytoplasmic volume may trigger the cellular acclimation responses.
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